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ABSTRACT 
Meat color evolution from freshly cut to beyond shelf life, up to 40% of metmyoglobin, 
has been theoretically modeled using the Kubelka-Munk theory and a set of measured 
reference reflectance spectra of deoxymyoglobin, oxymyoglobin and metmyoglobin. 
Color evolution depicts characteristic color paths in CIELAB color space. During 
oxidation the model explains the approximately constancy of L*, b* and hab, with 
variations typically hidden by sample dispersion, and the special significance of a* and 
C* in relation with metmyoglobin formation. CIELAB ∆E* color difference and the 
reflectance ratio R630/R580 are even better indicators of metmyoglobin changes during 
oxidation. The role of a*, C*, ∆E* and R630/R580 and their relationship during oxidation 
is a normal feature in the model with quantitative predictions in general agreement with 
literature. Results further emphasize the dangers of reporting color coordinates in 
different illuminants.  
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1. Introduction 
Color is a fundamental optical property in food products due to its role as an indicator of 
critical information, such as wholesomeness, ripening or freshness of a product 
(Hutchings, 2003). In meat the pigment responsible of color is myoglobin. In fresh meat 
myoglobin can be found in three basic forms: deoxymyoglobin (DMb), oxymyoglobin 
(MbO2) and metmyoglobin (MMb), corresponding respectively to reduced, oxygenated 
an oxidized states of this pigment (Mancini & Hunt, 2005). In absence of oxygen, 
myoglobin remains in its reduced state. As soon as the meat surface gets in contact with 
oxygen, deoxymyoglobin is rapidly transformed in oxymyoglobin, giving meat the 
desired bright red color expected by consumers. Finally, myoglobin is progressively 
oxidized promoting browning and the loss of its attractive appearance. Metmyoglobin 
formation is the most important problem in preserving a stable color of retail meat (Sen, 
Muthukumar, Naveena, & Ramanna, 2012) and a key parameter in consumers’ 
purchasing decisions since one of each two consumers rejects the product when the 
proportion of MMb on the meat surface reaches 20% (Hood & Riordan, 1973; Renerre & 
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Mazuel, 1985), and when it reaches 50%  becomes totally unacceptable (Van den Oord 
& Wesdorp, 1971). 
These three forms of myoglobin have characteristic spectrophotometric curves, that a 
simple glance provide useful information about meat suitability for its consumption 
(Hernández, Sáenz, Alberdi, & Diñeiro, 2015). When myoglobin is found in its reduced 
state its reflectance spectrum has a relative maximum in the blue region, a larger 
maximum in the red region and a minimum in the central area corresponding to the green 
region, giving meat surface a purplish-red color. Two characteristic depressions in the 
central part of the spectrum, around 550 nm and 580 nm, reveal the presence of 
oxymyoglobin on the meat surface. The oxygenation process also induces a decline of 
reflectance in the blue region and an increase in the red one, changing meat color from 
purplish-red to bright red. The presence of metmyoglobin also shows distinctive cues: the 
apparition of a characteristic depression around 630 nm and the increase of reflectance at 
the central region of the visible spectrum, making the difference between reflectance 
values at 630 nm and 580 to decrease. All together causes a loss of vividness and a 
brownish appearance. This evolution of the shape of the reflectance spectrum occurs in 
any livestock species (Bjelanovic et al., 2013; Cifuni, Contò, & Failla, 2016; Xing, Ngadi, 
Gunenc, Prasher, & Gariepy, 2007), independently of its breed (Insausti et al., 1999) or 
muscle (Brewer, Zhu, Bidner, Meisinger, & McKeith, 2001; Canto et al., 2016; Ma et al., 
2017) but at different speeds, which directly affects meat shelf life.  
Since the proportions of the three forms of myoglobin shape the reflectance spectrum of 
meat, this spectrum can be used to recover the values of these proportions. This is usually 
done using the Kubelka-Munk theory of color formulation (Kubelka, P. and Munk, 1931), 
allowing pigment concentration values to be extracted from reflectance values at specific 
wavelengths. The Kubelka-Munk theory, originally developed to predict the color of 
pigment mixtures in the paint industry, can be used to predict the reflectance spectrum of 
meat taking the three myoglobin forms as pigments, since they are known to form a 
layered structure in the surface during oxygenation and oxidation (Saenz, Hernandez, 
Alberdi, Alfonso, & Dineiro, 2008). 
Having the reflectance, one can determine the color of an object. Reflectance and color 
provide complementary information related with the state of conservation of meat 
(Hernández, Sáenz, Alberdi, & Diñeiro, 2016). Reflectance is an intrinsic property of an 
object but its color also depends on the characteristics of the light with which this object 
is illuminated. To provide unambiguous color information the International Commission 
on Illumination CIE (Commission Internationale de l'Éclairage) has recommended a 
series of standard illuminants for different types of light sources (CIE, 2004).  
Frequently, experimental studies can accommodate only a few number of color 
measurements over the studied period. Having a detailed picture of the entire, long term 
color paths would probably help the organization and interpretation of such 
measurements. In this work we present a mathematical model of the evolution of the 
reflectance spectra and color coordinates of meat during oxygenation and oxidation. It is 
based on a set of measured reflectance spectra of pure myoglobin forms and the Kubelka-
Munk theory to construct the theoretical spectra of meat samples having precise, well 
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defined concentration values of each pigment form. The effect of the selected illuminant 
in the resulting color coordinates values is also addressed. 
 
2. Materials and methods 
2.1 Meat samples  
Beef Longissimus Lumborum (LL) muscles from 10 different animals of Pirenaica breed 
were obtained in a local slaughterhouse (Pamplona, Spain).  Muscles were removed from 
the left side carcass (average weight 130 ± 6 kg) 24 h post mortem (pH values 5.72 ± 
0.01). All animals were male and slaughtered when they were about 12 months old. Steaks 
about 2 cm thick with cross fiber orientation were extracted from each muscle. Meat 
samples were kept at 4 oC inside the refrigerator until they were measured (section 2.3) 
2.2 Reflectance measurements 
A Minolta CM-2002 Spectrophotometer, d/8 (diffuse illumination / 8o viewing angle) 
geometry, and 8 mm diameter circular aperture, was used to record the reflectance spectra 
from 400 to 700 nm at 10 nm intervals. Measurements were made directly on the surface 
of meat, protecting the spectrophotometer with a glass cover (cover set CM-A40). 
Calibration was performed with the glass, using a white calibration plate (CM-A21) and 
a light trap (Zero calibration box CM-A32). Each measurement was the average of five 
different readings in five non-overlapping zones of each steak, changing the instrument 
orientation to reduce the effect of possible inhomogeneities. This instrumentation was not 
used to calculate the color coordinates of the samples, but only to obtain their reflectance 
spectra. 
2.3 Obtaining the reference reflectance spectra of the three redox forms of myoglobin 
Reference reflectance spectra of each myoglobin form were obtained according to the 
procedures described in AMSA Meat Color Measurement Guidelines  (Hunt et al., 2012), 
section IX. Samples with 100% of MMb on its surface were created by chemical induction 
with potassium ferricyanide (section IX, B1a). Samples with 100% of DMb were obtained 
from a fresh cut surface, taking a reflectance measurement immediately after cutting 
(section IX, B2b). According to the recommendations in this case a single reading was 
taken on each sample to prevent the influence of the OMb that forms once the fresh cut 
is exposed to air. Samples with 100% of OMb were obtained by rapid oxygenation in 
enriched oxygen atmosphere (section IX, B3a). Spectrophotometric measurements were 
done at room temperature. A total of 10 reference spectra, one from each animal, were 
obtained for each pigment form. 
2.4 Construction of theoretical reflectance spectra with definite pigment proportions 
Within the framework of the Kubelka-Munk theory (Kubelka, P. and Munk, 1931; 
Wyszecki, G. and Stiles, 2000), the construction of theoretical reflectance spectra with 
definite proportions of each pigment is done in three steps. First, for each wavelength, the 
ratio K/S of the absorption (K) and scattering (S) coefficients of the three redox forms of 
myoglobin are calculated from the measured reference reflectance spectra: 
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𝐾𝐾
𝑆𝑆
= (1 − 𝑅𝑅∞)22𝑅𝑅∞  
Where R∞ is the reflectance of a layer thick enough to assume that there will be no change 
in reflectance if it thickness increases. Our samples are optically thick and R∞ is simply 
the measured reflectance. Next, the K/S ratio of a sample with a definite mixture of DMb, 
OMb and MMb is constructed by a linear combination of the K/S ratios of the individual 
pigments: (𝐾𝐾 𝑆𝑆⁄ )𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑎𝑎(𝐾𝐾 𝑆𝑆⁄ )𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑏𝑏(𝐾𝐾 𝑆𝑆⁄ )𝑂𝑂𝐷𝐷𝐷𝐷 + 𝑐𝑐(𝐾𝐾 𝑆𝑆⁄ )𝐷𝐷𝐷𝐷𝐷𝐷 
Where 𝑎𝑎, 𝑏𝑏 and 𝑐𝑐 (𝑎𝑎 + 𝑏𝑏 + 𝑐𝑐 = 1) are the relative proportions of DMb, OMb and MMb. 
Finally the theoretical reflectance spectra is recovered inverting the first step: 
𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 1 + �𝐾𝐾𝑆𝑆�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + �𝐾𝐾2𝑆𝑆2 + 2𝐾𝐾𝑆𝑆�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚1 2�  
Two sets of theoretical spectra have been constructed, each set containing mixtures of 
only two pigments. Data set 1 (DS1) models the oxygenation (blooming) of the meat 
surface using a mixture of only DMb and OMb (a + b = 1; c = 0) from the first contact 
with oxygen (100% DMb, 0% OMb) until its complete oxygenation (0% DMb, 100% 
OMb). Data set 2 (DS2) models the oxidation process using a mixture of only OMb and 
MMb (a = 0; b + c = 1) starting with a fully oxygenated sample (100% OMb, 0% MMb) 
until the proportion of MMb on the surface of the meat has reached 40% (60% OMb, 40% 
MMb) a percentage above the range of consumer acceptability. Notice that the last 
spectrum in DS1 is the first spectrum in DS2. Within each set, pigment proportions were 
varied in 5% increments thus giving a total of 29 different spectra for each muscle. These 
spectra represent the evolution of the reflectance of the meat surface from a freshly cut to 
the end of its shelf-life. 
2.5 Calculation of CIELAB color coordinates and R630/580 reflectance ratio  
Typical spectrocolorimeters can provide color coordinates for different illuminants and 
observers. They measure spectral transmittance or reflectance and, using instrument’s 
internal routines, calculate the color coordinates following the CIE standard procedures. 
Available color spaces, illuminants and observers are only limited by the instrument’s 
software. Since our theoretical spectra are not actually measured data we must perform 
all these color calculations, exactly in the same way that spectrocolorimeters internally 
do.  
For each reflectance spectrum, color coordinates have been obtained using the CIE 
standard procedure (CIE, 2004). In all cases the CIE 10º standard observer has been used 
since it is the common choice in meat color.  First we have obtained the tristimulus values 
𝑋𝑋10, 𝑌𝑌10 and 𝑍𝑍10: 
𝑋𝑋10 = 𝑘𝑘10 � 𝛽𝛽(𝜆𝜆)𝑆𝑆(𝜆𝜆)?̅?𝑥10(𝜆𝜆)Δ𝜆𝜆700
𝜆𝜆=400
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𝑌𝑌10 = 𝑘𝑘10 � 𝛽𝛽(𝜆𝜆)𝑆𝑆(𝜆𝜆)𝑦𝑦�10(𝜆𝜆)Δ𝜆𝜆700
𝜆𝜆=400
 
𝑍𝑍10 = 𝑘𝑘10 � 𝛽𝛽(𝜆𝜆)𝑆𝑆(𝜆𝜆)𝑧𝑧1̅0(𝜆𝜆)Δ𝜆𝜆700
𝜆𝜆=400
 
Where 𝛽𝛽(𝜆𝜆) is the reflectance of the object, the theoretical reflectance curves in DS1 and 
DS2. ?̅?𝑥10(𝜆𝜆), 𝑦𝑦�10(𝜆𝜆) and 𝑧𝑧1̅0(𝜆𝜆) are the color-matching functions of the standard CIE 
1964 supplementary 10o standard observer. The wavelength interval is Δ𝜆𝜆 = 10 nm and 
𝑘𝑘10 is an illuminant dependent normalization constant defined to give 𝑌𝑌10 = 100 for a 
perfect white diffuser, i.e. 𝛽𝛽(𝜆𝜆) = 1 for all wavelengths. 𝑆𝑆(𝜆𝜆) is the radiant power of the 
illuminant. In this work we have chosen the CIE standard illuminant D65, the most 
frequently used in the literature, to explain the entire evolution of meat from freshly cut 
to 40% of MMb and to study the relation between color coordinates and metmyoglobin 
percentage. Together with D65, CIE standard illuminants A (incandescent lamp) and 
FL12 (fluorescent lamp) have been also used to analyze the effect of the illuminant on 
color coordinate values.  
Starting from the tristimulus values several color spaces can be constructed. We have 
used the common choice in meat studies, the CIELAB color space, with Cartesian 
coordinates L*, a* and b* given by: 
𝐿𝐿∗ = 116 � 𝑌𝑌
𝑌𝑌𝑛𝑛
�
1
3�
− 16 
𝑎𝑎∗ = 500 �� 𝑋𝑋
𝑋𝑋𝑛𝑛
�
1
3�
− �
𝑌𝑌
𝑌𝑌𝑛𝑛
�
1
3�
� 
𝑏𝑏∗ = 200 �� 𝑌𝑌
𝑌𝑌𝑛𝑛
�
1
3�
− �
𝑍𝑍
𝑍𝑍𝑛𝑛
�
1
3�
� 
Where 𝑋𝑋𝑛𝑛 , 𝑌𝑌𝑛𝑛  and 𝑍𝑍𝑛𝑛  are, for a given illuminant, the reference tristimulus values 
corresponding to a perfect white diffuser and are tabulated by the CIE. 
A measure of the difference between two color stimuli 1 and 2 is given by the CIELAB 
Δ𝐸𝐸∗ color difference: 
Δ𝐸𝐸∗ = �(𝐿𝐿1∗ − 𝐿𝐿2∗ )2 + (𝑎𝑎1∗ − 𝑎𝑎2∗)2 + (𝑏𝑏1∗ − 𝑏𝑏2∗)2 
Better related with human color perception, in CIELAB space we can also define the hue 
angle ℎ𝑎𝑎𝐷𝐷, that represents the concept we refer when we talk about red, orange, yellow, 
blue, etc, and the chroma C* that correlates with the vividness of that hue, a distinction 
between vivid (higher C*) or dull (lower C*) colors:  
ℎ𝑎𝑎𝐷𝐷 = 𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎 �𝑏𝑏∗𝑎𝑎∗� 
𝐶𝐶∗ = �(𝑎𝑎∗)2 + (𝑏𝑏∗)2 
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In DS2 the ratio of the reflectance values at 630 nm and 580 nm (R630/580) has been also 
calculated as a known indicator of the oxidation process (Hunt et al., 2012). 
2.6 Statistical analysis 
Principal component analysis (PCA) has been used to supervise the reliability of the three 
sets of 10 reference reflectance spectra corresponding to the three different myoglobin 
states. The statistical significance of the differences in color coordinates, color difference 
∆E* and in the ratio R630/580 during oxidation have been investigated using one factor 
analysis of variance (ANOVA) together with Tuckey post hoc test. All statistical analysis 
has been done with SPSS Statistics v.25 (IBM Corp)  
 
3. Results and discussion 
3.1 Reliability of the reference spectra of the three redox forms of myoglobin 
Proper modeling of the evolution of meat reflectance spectra requires a good set of 
reference spectra of DMb, OMb and MMb. Despite that the procedures recommended by 
AMSA (Hunt et al., 2012) have been carefully followed, we have carried out two different 
tests of their reliability. Firstly, for each animal, each of the three pigment spectra (Fig. 
1) has been visually checked for signs of contamination from other pigment. In case of 
DMb spectra, none of them showed any of the characteristic peaks of the central part of 
the OMb spectrum, nor any trace of depression in the area between 610 and 640 nm that 
characterizes the beginning of the oxidation process. Similarly none of the reference 
spectra of OMb had the aforementioned depression. Although one cannot fully guarantee 
that they correspond exactly to the complete oxygenation of the pigment (100% OMb), 
we can affirm that they lack appreciable oxidation. Secondly PCA has been used to 
explore the independence of the three sets of reference reflectance spectra. This test has 
been used for instance to study the effectiveness of alternative methods to get the spectra 
of myoglobin pure pigments (Bjelanovic et al., 2013; Khatri et al., 2012). According to 
the PCA plot in Fig. 2 there is no appreciable mixing between reference reflectance curves 
corresponding to different myoglobin redox forms. The first three principal components 
explain 97.9% of the sample variance. This is consistent with three different pigments 
plus the intrinsic variability among the sample set. 
3.2 Meat color evolution from freshly cut to the end of its shelf life 
Representing a color in the CIELAB space requires the specification of the three 
coordinates. It is known however, and it will be discussed later, that L* does not change 
significantly during meat oxygenation and oxidation. In consequence meat color can be 
conveniently represented over a plane of constant L* giving only its Cartesian, a* and b*, 
or polar, C* and hab, coordinates. Meat colors are restricted to a small area of the first 
quadrant of the CIELAB diagram, with hues ranging from purple red to simply red, with 
variations in their vividness. Fig. 3 shows the (mean) meat color evolution in the plane 
a*b* during the oxygenation process (DS1) and the subsequent oxidation until the end of 
its shelf life (DS2) drawing a path with two characteristic branches. 
In terms of a* and b*, the oxygenation period (DS1) can be bounded by a rectangular 
area with the totally reduced sample (100% DMb) located in the lower left corner. As the 
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proportion of DMb decreases and the proportion of OMb increases, meat color moves 
towards redder and more vivid tones, reaching the upper right corner when the sample is 
completely oxygenated (100% OMb). The oxidation period (DS2) is confined in a smaller 
rectangle in the a*b* plane with the 100% OMb sample in the upper right corner. 
As %MMb increases both a* and b* decrease, reaching the lower left corner for 40% 
MMb on the surface. In terms of polar coordinates, changes in chroma C* are noticeable, 
and greater than changes in hab, for both oxygenation and oxidation but particularly during 
oxygenation. Thus, the general picture is that we are not dealing with strong hue changes 
but rather with large changes in color vividness. 
The paths described in color space by samples as their relative proportion of pigments 
change give us a clear, and visually effective description of the oxygenation and oxidation 
processes. Although the oxygenation describes a longer path in the a*b* plane, it is a 
process manifestly faster than oxidation. During the first 30-60 min oxygenation induces 
critical color changes (Brewer et al., 2001). After 60 minutes the oxygenation of 
myoglobin is slower but continues until about 24 hours (Lindahl, Karlsson, Lundström, 
& Andersen, 2006). Cierach and Niedźwiedź, (2014) studying changes in color in beef 
semitendinosus muscles from 24 steers, found that immediately after being cut a* and b* 
coordinates increased rapidly during the first 18 minutes, and then remained 
approximately constant until the end of the measurement time (60 min). The same was 
found in buffalo meat, exhibiting a significant increase in a* and b* as in Fig 3 during the 
first 30 min of booming and then stabilizing until the end of measurements (60 min) (Sen 
et al., 2012). Similar behavior has been observed in pork, where color changes are 
accelerated in samples with longer post mortem ageing (Lindahl et al., 2006). 
Despite been confined in a shorter path, color changes during oxidation have critical 
consequences in meat appearance. It is the metmyoglobin content that determines meat 
shelf life and parameters highly correlated with the proportion of this pigment will be the 
most relevant in the prediction of consumers’ purchase decisions. The rate at which color 
changes depends on the type of animal (pig, lamb, veal, etc.) breed, diet, amount of fat or 
type of packaging among other factors (Mancini & Hunt, 2005; Renerre, 1990). The 
oxidation branch in Fig 3 will be analyzed in detail in section 3.4.  
3.3 Influence of the illuminant on color evolution during the oxidation process  
The color of an object strongly depends on the spectral characteristics of lighting. Light 
sources may enhance the natural color of a food product and conceal its defects or, if 
improperly chosen, highlight them. Not surprisingly, lighting is principally used to make 
food products to appear pleasant and desirable (Hutchings, 2003). Regarding to color, 
Color Temperature (CT) and Correlated Color Temperature (CCT) determine the 
suitability of a light source to illuminate a specific food. CT is the temperature of a 
blackbody that would have a color appearance closer to that of the light source. It is 
applied to true or nearly blackbodies. CCT is used when the chromaticity of the light 
source cannot be matched with the chromaticity of a blackbody (e.g., a fluorescent lamp) 
and it is not related with its real temperature (Wyszecki, G. and Stiles, 2000). Lighting 
companies recommend specific CCTs for each type of food, to create a more pleasant 
atmosphere and increase the sales success. For instance a warm light with a CCT of 3000 
K is especially suitable for red fruits and meat.  
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In order to simplify the communication of color measurements the CIE proposed several 
standard illuminants (CIE, 2004). A standard illuminant is not a real source of light but a 
hypothetical one, defined by a set of numbers that describe its radiant energy at each 
wavelength. The chosen standard illuminant to communicate color results is independent 
of the lamp used by the color measurement instrument to illuminate the object. Once 
properly calibrated, the built in software of most color measurement instruments can 
calculate the color coordinates in any standard illuminant.  
To evaluate the importance of the choice of the illuminant with which the color 
coordinates are calculated, three CIE standard illuminants have been selected: D65, A 
and FL12. Among all standard illuminants the CIE D65 is the most used. It represents a 
phase of natural daylight with a CCT of approximately 6500 K and conveys a light bluish 
light that accentuates blue and subdues green and red. CIE standard illuminant A (CCT 
2856 K) has a relative spectral distribution equivalent to that of a tungsten lamp, 
highlighting red tones. FL12 (CCT 3000 K) is very similar to the fluorescent lamps used 
for meat products because it also enhances the red tones and is energetically more efficient. 
Presently the standard illuminants used in color measurement applications have become 
a little bit obsolete with respect to the light sources used in real life. However, from the 
point of view of color communication, changing the standard illuminants could put in 
danger the comparison of results obtained in previous research. Therefore maintaining 
long term standard illuminants is of great importance. The standard illuminant D65 has a 
spectral distribution that differs from that of light sources with which consumers visually 
evaluate meat color both in butcher shops and in supermarket displays. However, it has 
the advantage that simulates natural light, not the spectral composition of a type of lamp 
that depends on technological aspects changing over time. Whenever possible the use of 
D65 is recommended in the interest of stable standardization that allows to compare the 
results of different investigations. 
Fig. 4 shows the evolution of the color coordinates in the a*b* plane during the oxidation 
stage (DS2) calculated for the standard illuminants D65, A and FL12. As expected from 
their spectral characteristics, both A and FL12 enhance the red color and give higher 
values of both a* and b* than D65, implying a higher value of C* and therefore greater 
color vividness. In a work carried out in 51 local butcher shops in Spain (Saenz, 
Hernandez, Beriain, & Lizaso, 2005), it was found that in all of them, fluorescent lamps 
enhanced the red color to offer a more pleasant appearance to the consumer, but none of 
them hid or improved color differences between samples or between measurements days 
during oxidation. King et al. (2012) used the standard illuminant A to express the color 
changes of beef longissimus with two different aging periods (14 and 35 days) and found 
the same tendency shown in Fig. 4 with a stronger decline in a* than in b*. Other works 
have also shown the critical effects of changing the illuminant in the calculated color 
coordinates (Brewer et al., 2001) but, on the other hand, this trend in the decrease of a* 
and b* is not affected by the illumination level (Cierach & Niedźwiedź, 2014). 
Although the qualitative evolution in the oxidation process is the same in all standard 
illuminants, the numerical values greatly differ. Numerical values of color coordinates 
from one investigation are hardly comparable with those of another if the illuminants used 
to express the color are not the same, and certainly impossible to assess if the illuminant 
is not specified. A recent study (Tapp, Yancey, & Apple, 2011) examined 1068 peer-
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reviewed journal articles on meat research published between 1998 and 2007, analyzing 
the way in which color measurement results were expressed. They found that the most 
used standard illuminant was D65 (32.3%) followed by standard illuminant A (8.6 %) but 
an alarming percentage of articles (48.9%) did not mention the illuminant used. This fact 
prevents the possibility of comparing or interpreting many color results. Also in the field 
of visual assessment the importance of lighting control is frequently overlooked (Mancini 
& Hunt, 2005) dramatically influencing the results of color assessment.  
3.4 Relationship between color coordinates and %MMb in the oxidation process 
Of the two branches conforming the evolution of meat color (Fig. 3) it is the oxidation 
branch that has the greatest practical importance. During oxidation the growing MMb 
content affects meat color and appearance and ultimately determines its shelf life. 
Oxidation unevenly affects each color coordinate and thus they will be considered 
separately in the following subsections. For each value of %MMb in DS2 Table 1 shows 
the average and standard error of each CIELAB color coordinate, color difference ∆E* 
with respect to the 0% MMb sample (100% OMb) and ratio of reflectance values 
R630/580. It also includes the results of the ANOVA test to search for significant 
differences in each parameter during oxidation.  
Notice that in our theoretical reflectance spectra pigment proportions, in 
particular %MMb, have perfectly definite values. However, when working with real meat 
samples, %MMb is usually estimated from the sample reflectance by one of the existing 
methods (Hunt et al., 2012) These methods are known to give pigment concentrations 
that are correlated but differ in absolute values (Hernández, Sáenz, Alberdi, & Diñeiro, 
2015). In consequence, interpreting consumer acceptance thresholds in term of cutoff 
values of %MMb should be always done with caution. 
3.4.1 Lightness L* 
The value of L* informs us of the degree of luminosity or brightness of a color (Wyszecki, 
G. and Stiles, 2000) and can take values between 0 (black) to 100 (white). This coordinate 
is related to the total pigment content of a food product. Greater pigment content implies 
stronger light absorption and consequently lower reflectance or transmittance, making the 
product darker or more opaque. This makes L* useful to differentiate between red meats 
and pale meats (Xing et al., 2007). Muscles with higher pigment content such as psoas 
major show lightness values significantly lower than those offered by longissimus 
lumborum, a muscle with a lower myoglobin content (Canto et al., 2016; Ma et al., 2017). 
During oxidation the total amount of pigment is fixed and large changes in L* are not 
expected. As shown in Table 1, L* remains almost constant, with a slight increase 
with %MMb that it is not statistically significant (p = 0.192). The constancy of L* has 
been reported in pork muscles during blooming  (Brewer et al., 2001) and in beef muscles 
during postmortem aging (Ma et al., 2017). Cierach and Niedźwiedź, (2014) studying 
changes in color of beef semitendinosus muscles, displayed during 7 days at different 
levels of lighting intensity, did not detect significant changes in L*. They also found that 
L* was not affected by postmortem aging. A similar conclusion was obtained by King et 
al. (2012) in a study of the effect of aging on beef color stability. Some studies have 
reported changes in L* like Hernández et al. (2016) that measured the color of samples 
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after 1, 4 and 7 days of exposure to air and found significant differences in the L* 
coordinate between days 1 and 4 but not between days 4 and 7. 
3.4.2 a* and b* 
Since with very good approximation L* remains constant during oxygenation and 
oxidation, meat color evolution can be properly represented using only the a*b* plane, 
like in Fig.3 and Fig.4. As shown in those figures for an average sample, both a* and b* 
decrease during oxidation, but changes are more pronounced in a*. According to the 
ANOVA results in Table 1, changes in b* are not significant (p = 0.330) in contrast to 
those in a* that are statistically significant (p < 0.001). MMb content in samples must 
differ in 10% - 15% to have significant differences in a*. The behavior of a* is generally 
confirmed by experiments (Olivera, Bambicha, Laporte, Cárdenas, & Mestorino, 2013; 
Sen et al., 2012). After 1, 4 and 7 days of exposure to air, longissimus lumborum showed 
no statistically significant variations in b* while differences in a* were significant 
between days 1 and 4 but not between days 4 and 7 (Hernández et al., 2016). This suggest 
that the increment in MMb was greater between days 1 and 4 than between days 4 and 7, 
as it should be if the production rate of MMb is higher at the beginning of the oxidation 
process. In the work of Danyi Ma et al (2017) both a* and b* exhibited significant 
differences between 1, 4 and 7 days of display The influence of postmortem aging 
significantly affected only a* but not b* and the decrease of a* after seven days in display 
was more evident in samples aged for a longer time. 
Packaging and storage conditions affect the rate at which MMb develops and therefore 
the rate at which a* changes. Regardless the type of packaging, the same trend in the 
evolution of color coordinates is observed. Vacuum skin packaging (VSP) has been found 
to give better color stability, i.e. slower color evolution, compared to other types of 
packaging (Li, Lindahl, Zamaratskaia, & Lundstrom, 2012). The importance of a* in the 
perception of the acceptability and consumer preferences has been shown even using 
photography and online surveys (Holman, van de Ven, Mao, Coombs, & Hopkins, 2017) 
a* was the best color coordinate to predict consumer acceptance of beef color in an study 
carried out through photographs of longissimus lumborum muscles in which their color 
had been previously measured. The relationship between a* and the proportion of MMb 
has been also shown calculating a* from the digital RGB values of meat images (Quevedo 
et al., 2013).  
3.4.3 Chroma C* and hue angle hab 
Chroma C* and hue angle hab are directly obtained from a* and b* and are better 
correlated with human visual color perception. As shown in Fig. 4 the increase of %MMb 
during oxidation produces a marked decrease of C* values and only a slight increase in 
hab. According to Table 1 changes in C* are statistically significant (p < 0.001) but 
changes in hab are not (p = 0.564). Therefore oxidation reduces the vividness of color at 
approximately constant hue. Changes in C* become significant for percentage variations 
in MMb around 15 - 20%, making C* a little less sensitive than a* to MMb changes. This 
is in agreement with the results reported by Hernandez et al (2016) with statistically 
significant differences in C* values between measurements taken in days 1 and 7 but 
without differences between days 1 and 4 or between days 4 and 7. It that work 
experimental data did not show clear trends in the behavior of hab. Danyi Ma et al (2017)  
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found significant differences in both C* and hab between 1, 4 and 7 days of display in all 
studied muscles, but postmortem aging significantly affected color vividness C* but not 
hue. Decline of C* in muscles after seven days in display was greater for samples with 
longer postmortem aging time.  
3.4.4 Color difference ∆E* 
Instead of studying the evolution of each color coordinate separately it is possible to 
evaluate color changes using the CIELAB ∆E* color difference between two color stimuli, 
a quantity that it is well related with the human ability to distinguish colors. This variable 
has not probably received the necessary attention in meat color research if we consider 
that it measures total color changes by accounting for combined changes in L*, a* and b* 
(Mancini & Hunt, 2005). In DS2 samples differing 5% in their MMb content have a ∆E* 
color difference of approximately 0.5 units. According to the ANOVA, 10% variation in 
MMb is enough to give statistically significant differences in the numerical values of ∆E*. 
Although ∆E* values are dominated by differences in a*, changes in L* and b*, though 
small, also contribute to ∆E*, making it more sensitive to color changes during oxidation 
than a single variable like a* or C*. 
Although it is a very good parameter to track %MMb changes, interpreting the numerical 
values of ∆E* in terms of visual color appraisal is not straightforward. The key point is 
to know the minimum value of ∆E* that is assessed as different by an observer. In the 
paint and textile industry, in pair comparison experiments with a fail-pass design, 
reference values of ∆E* = 1 (color match), ∆E* = 2 (noticeable difference) and ∆E*  ≥  3 
(unacceptable difference) have been quoted (Francis & Clydesdale, 1975). In our data, 
and taking the 0% MMb sample as the reference, the condition ∆E* = 2 is fulfilled when 
MMb proportion reaches 20%, at the critical point of consumer acceptance (Renerre & 
Mazuel, 1985; Van den Oord & Wesdorp, 1971). This would suggest that color changes 
during oxidation are barely noticeable by visual inspection. However ∆E* thresholds 
depend on the characteristics of the sample and there is no precise data on color difference 
thresholds for meat products. Extrapolating from the values used in the paint industry 
may be problematic. Evaluations in the paint industry are made on samples presented at 
the same time while during meat oxidation there is a temporal separation between the two 
situations to be compared. The human visual system has a great ability to discriminate 
between colors presented simultaneously, but has a poor capacity to memorize them. 
Furthermore, in real consumers’ purchase decisions in a supermarket, samples in display 
would correspond to different animals, muscles and oxidation stage.  
Notice that ∆E* differences are much larger during oxygenation and such large color 
differences respect to a freshly cut sample were reached after only 1 or 2 minutes of 
blooming (Cierach & Niedźwiedź, 2014) 
3.4.5 Ratio R630/R580 
Color coordinates are calculated after an elaborated process starting with the tristimulus 
values that, in turn, are weighted integrals or summations that extend on the whole visible 
spectrum. This means that each color coordinate depends to some extent on the 
reflectance at every wavelength of the spectrum. However reflectance changes during 
oxidation do not affect the whole spectrum equally. Changes during meat shelf life have 
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a major impact in some regions and particularly at key wavelengths (Cifuni et al., 2016). 
Among them, reflectance at 630 and 580 nm have particular importance due to its 
relationship with hedonic assessments and with the proportion of metmyoglobin on the 
meat surface. The assessment of meat wholesomeness based on reflectance has a special 
relevance because this parameter is independent of the light with which meat is 
illuminated. 
An emergent depression around 630 nm in the reflectance spectrum of meat is a 
distinctive cue of the presence of MMb. As oxidation develops the difference between 
reflectance values at 630 nm and 580 nm decreases (Canto et al., 2016; Gatellier, Hamelin, 
Durand, & Renerre, 2001; Harrison, Kropf, Allen, Hunt, & Kastner, 1980; Strange, 
Benedict, Gugger, Metzger, & Swift, 1974). This is appropriately quantified using the 
ratio of the reflectance at 630 nm (R630) and 580 nm (R580). During oxidation this ratio 
R630/R580 decreases from about 4, when no MMb is present (0% MMb), to 1 in a 
completely oxidized sample (100% MMb) (Strange et al., 1974). In our reference 
reflectance data this ratios are 3.9 ± 0.1 (0% MMb) and 1.01 ± 0.02 (100% MMb). As 
seen in Table 1, the steady decrease in R630/R580 is almost as sensitive as ∆E* to track 
the increments in MMb, reducing in 0.2 units for every 5% increment in MMb. If the 
rejection threshold by consumers is set to 20% MMb, then the corresponding value 
R630/R580 would be 3.1 ± 0.1. It has been also reported that ratios R630/R580 equal to 
or greater than 3.3 make consumers believe that meat is acceptable for consumption 
(Khliji, van de Ven, Lamb, Lanza, & Hopkins, 2010) a threshold that, according to our 
data, would correspond to 15% MMb. 
Changes in R630/R580 actually reflect the changes in the whole reflectance spectrum. 
Evolution of the reflectance spectrum during oxidation mainly affects its red zone, where 
680 nm is located. This fact explains the importance of a* as an indicator of the 
deterioration of the meat. The progressive reduction of this ratio is produced by the 
progressive approach between the reflectance values at these wavelengths. Oxidation 
flattens the shape of the spectrum, reduces the vividness of the color and causes the 
decrease of chroma C*. 
4. Conclusions 
We have theoretically modeled the evolution of the reflectance spectrum and the CIELAB 
color coordinates of meat during oxygenation and oxidation, applying the Kubelka-Munk 
theory of color formulation to a set of measured reference reflectance spectra of the pure 
myoglobin forms DMb, OMb and MMb.  
Considering oxygenation as an evolving mixture of DMb and OMb and oxidation as an 
evolving mixture of OMb and MMb, our model predicts the paths described by meat color 
in the CIELAB space, in general agreement with the literature. 
Focusing on the oxidation process, the model explains the approximately constancy of 
L*, b* and the hue hab and the prevalence of a* and Chroma C* as variables connected 
with meat color deterioration as the percentage of MMb increases. 
Even more sensitive to changes in %MMb are CIELAB ∆E* color difference and the 
reflectance ratio R630/R580, a parameter directly related with the changes experienced 
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by the reflectance spectrum of a meat sample during oxidation. The principal role of a*, 
C*, ∆E* and R630/R580 and their relationship is a natural feature in the model. 
Finally, this work also demonstrates the critical dependence of colorimetric variables on 
the selected illuminant used to express them and emphasizes the necessity of carefully 
specifying the illuminant used in color measurements to allow comparison between 
experimental results. 
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Table 1. Mean values and standard error (n=10) of CIELAB color coordinates, ∆E* color differences with 
0%MMb sample and ratio R630/R580 as a function of %MMb content in data set DS2. 
% MMb L* a* b* C* hab ∆E* R630/R580 
0 37.7 ± 0.3 14.7 ± 0.3 a 9.3 ± 0.4 17.4 ± 0.5 a 32 ± 1 0 a 3.9 ± 0.1 a 
5 37.8 ± 0.3 14.2 ± 0.3 a,b 9.1 ± 0.4 16.9 ± 0.4 a,b 33 ± 1 0.49 ± 0.03 a,b 3.7 ± 0.1 a,b 
10 37.9 ± 0.3 13.8 ± 0.3 a,b,c 9.0 ± 0.4 16.5 ± 0.4 a,b,c 33 ± 1 0.98 ± 0.06 b,c 3.5 ± 0.1 b,c 
15 38.1 ± 0.3 13.4 ± 0.3 b,c,d 8.8 ± 0.4 16.0 ± 0.4 a,b,c,d 33 ± 1 1.5 ± 0.1 c,d 3.3 ± 0.1 c,d 
20 38.2 ± 0.3 13.0 ± 0.3 b,c,d,e 8.6 ± 0.4 15.6 ± 0.4 b,c,d,e 33 ± 1 1.9 ± 0.1 d,e 3.1 ± 0.1 d,e 
25 38.4 ± 0.4 12.6 ± 0.3 c,d,e,f 8.5 ± 0.4 15.2 ± 0.3 c,d,e 34 ± 1 2.4 ± 0.2 e,f 2.9 ± 0.1 d,e,f 
30 38.6 ± 0.4 12.2 ± 0.2 d,e,f 8.3 ± 0.4 14.8 ± 0.3 c,d,e 34 ± 1 2.9 ± 0.2 f,g 2.7 ± 0.1 e,f,g 
35 38.8 ± 0.4 11.8 ± 0.2 e,f 8.2 ± 0.4 14.4 ± 0.3 d,e 35 ± 1 3.4 ± 0.2 g,h 2.6 ± 0.1 f,g 
40 39.0 ± 0.4 11.4 ± 0.2 f 8.1 ± 0.4 14.0 ± 0.3 e 35 ± 1 3.8 ± 0.3 h 2.5 ± 0.1 g 
 
For each column, different superscript letters indicate statistically significant differences at p< 0.05 
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Fig. 1. Reference reflectance spectra of the three forms of myoglobin corresponding to 
one of the 10 animals used in this study 
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Fig. 2. Principal Component Analysis PCA on the entire set of DMb (circle) OMb 
(triangle) and MMb (square) reference reflectance spectra 
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Fig. 3. Meat color evolution in the plane a* b* of the CIELAB diagram trough the 
oxygenation process of from freshly cut to 100% of OMb on its surface and the 
subsequent oxidation until the end of its shelf life (40% MMb). 
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Fig. 4. Meat color evolution in the a*b* plane of the CIELAB diagram during the 
oxidation process calculated for 10o standard observer and for the standard illuminants 
D65, A and FL12. 
 
